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Theses
1. Supplementing incomplete precipitation time series in semi-arid to arid
areas with rainfall data from satellite products is unsuitable. Both
rainfall data sets (TRMM, CMORPH) can not reproduce the observed
gradient in temporal and spatial distribution of precipitation. How-
ever, supplementing data gaps in time series with mean values enables
reliable and robust time series.
2. Anticlinal and synclinal structures along the Dead Sea Transform in-
fluences groundwater flow dynamics and can generate contrary flow
direction in contrast to expected flow gradient.
3. The implementation of the calibration parameter maximum infiltra-
tion within the hydrological model allows the preferential flow paths,
which is observed along cracks and fissure during rainfall-runoff event
in arid regions.
4. The infrequent and temporally restricted precipitation to winter
months lead to year-round groundwater recharge with maximum re-
charge from March-April.
5. Due to modelling results, the empirical relationship of rainfall-recharge
by Guttman (2000) was slightly adapted.
6. Groundwater recharge in arid to hyper-arid areas of the investigated
catchments are about 0−4 mm · a−1, but the impact on the Cretaceous
aquifer system is negligible.
7. Current abstraction rates (150 ·106 m3 · a−1) along well fields will drop
continuously the water level of the limestone aquifer system due to the
negative water balance with 139.9 ·106 m3 · a−1 groundwater recharge.
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vii
Thesen
1. Die Ergänzung unvollständigen Niederschlagszeitreihen in semi-ariden
bis ariden Gebieten mit Niederschlagsdaten von Satelliten-Produkten
ist ungeeignet. Beide Niederschlagsdatensätze (TRMM, CMORPH)
können den zeitlichen und räumlichen Niederschlags-Gradienten des
Untersuchungsgebietes nicht abbilden. Allerdings führt die Ergänzung
lückenhafter Daten mit Monatsmittelwerten zu einer zuverlässigen Zeit-
reihe.
2. Antiklinal- und Synklinalstrukturen entlang der Dead Sea Transfrom
Störung beeinflussen die Grundwasserfliessdynamik und können zu
Fließrichtung entgegen des generell zu erwartenden hydraulischen Grad-
ienten führen.
3. Die Implementierung des Kalibrierparamters “maximum Infiltration”
ermöglicht präferentielle Fließwege entlang von oberflächennahen Ris-
sen und Spalten.
4. Die auf die Wintermonate beschränkten Niederschlagsereignisse führen
zu einer ganzjährigen Grundwasserneubildung mit einem Maximum
von März-April.
5. Die durch Guttman (2000) aufgestellte Relation von Niederschlag und
Grundwasserneubildung musste aufgrund von Modellergebnissen an-
gepaßt werden.
6. Die Grundwasserneubildung im ariden bis hyper-ariden Bereich des
Untersuchungsgebietes beträgt circa 0 − 4 mm · a−1. Der Einfluß der
Neubildung auf das kretazische Aquifersystem ist allerdings zu ver-
nachlässigen.
7. Aktuelle Wasserentnahmeraten (150·106 m3 · a−1) entlang der Brunnen-
felder werden aufgrund der negativen Wasserbilanz (Grundwasserneu-
bildung =139.9 · 106 m3 · a−1) zu weiteren Absenkungen der Wasser-
stände im Kalksteinaquifer führen.
vii
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Abstract
Groundwater is the only fresh water resource in the semi-arid to hyper-arid
Western Dead Sea catchment. Due to exploitation of groundwater the wa-
ter level is decreasing in the surrounding Cretaceous aquifer system and
sustainable water management is needed in order to prevent the progressive
yields and contamination of those water resources. In addition, the water
level of the Dead Sea decreases dramatically by at least one meter per year.
This is connected to channel off the water from the Jordan River to sup-
ply intensive agriculture in the semi-arid to hyper-arid region. Hydrological
and hydro-geological analysis and modelling in arid regions, like the study
area, frequently suffer from data scarcity and uncertainties regarding rainfall
and discharge measurements. The study showed that spatial and temporal
interpolations as well as additional methods (e.g. empirical relationships
and simultaneous numerical approaches) were suitable tools to overcome
data shortage for modelling. Water balances are the result of a calibrated
model and are the basis for sustainable management of surface and subsur-
face water resources. The present study investigates beside the hydrological
characterisation of selected sub-catchments (wadis) also the hydro-geology
of the Judean limestone aquifer and calculates a comprehensive water bal-
ance of the entire western flank of the Dead Sea by the application of two
numerical open source codes: OpenGeoSys (OGS) and J2000g. The calib-
rated two-dimensional hydrological model J2000g provides a 33 years time
series of temporal and spatial distributed groundwater recharge for the nu-
merical groundwater flow model of OGS. The mean annual groundwater
recharge of 139.9 ·106 m3 · a−1 is nearly completely depleted by abstractions
from pumping wells close to the replenishment area in the Judea Mountains.
viii
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Summary
The natural availability of water in the predominantly semi-arid to arid
study area west of the Dead Sea (Israel and West Bank) is limited to water
resources in the groundwater system. This Cretaceous aquifer has been in-
tensively used since the 1950s by installations of growing numbers of wells
for the supply of agriculture and domestic consumption. Here, the newly de-
veloped well fields concentrated along settlement areas in the Judean Moun-
tains, which are the recharge area of the limestone aquifer. The increasing
extraction of groundwater is restricted to the availability of infiltrating rain-
fall sums due to local climate conditions and results in observations of a
decreasing water levels since the early 1970s.
Using the estimation of groundwater recharge by the help of the physically
based hydrological model J2000g, the water balance of the Judea Group
aquifer system can be simulated with the numerical groundwater flow model
of OpenGeoSys. Such a modelling approach is essential for sustainable man-
agement of water resources in this area.
A hydrological model was developed for five selected wadis under sub-humid
to hyper-arid climate conditions. Based on the Hydrological Response Unit
(HRU)-principle and under consideration of the morphology, vegetation and
soil types, a water balance was established. The good match of simulated
high temporal variable wadi discharges and observed runoff curves allows
the application of the calibrated model-based approach to the whole catch-
ment area of the western Dead Sea. The resulting temporally and spatially
derived groundwater recharge presented for the first time a complete water
balance of the replenishment of the Cretaceous limestone aquifer of the sub-
surface catchment of the Dead Sea. Despite the challenge of scarce data in
time and space, it was possible to estimate a comprehensive water balance
for the sub-humid to hyper-arid study area. The calibrated steady state
groundwater model shows that the natural groundwater conditions of the
Cretaceous aquifer system can be mapped with a general recharge rate of
36 mm/year.
Finally, the deduced perennial groundwater recharge by the hydrological
model as well as the geological and the reproduction of groundwater flow
paths in the limestone aquifer represent an important basis for future water
management modelling. By coupling the groundwater flow model with geo-
chemical analysis of various water sources in the system, the groundwater
flow path of the strongly influenced aquifer by gradients due to faults and
folds can be shown in more detail.
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Zusammenfassung
Die natürliche Wasserverfügbarkeit im überwiegend semi-ariden bis ariden
Untersuchungsgebiet westlich des Toten Meeres (Israel und West Bank) be-
schränkt sich auf die Grundwasservorkommen. Der Grundwasserspeicher
wird seit den 1950er Jahren durch die Installation von Brunnen intensiv
für die Versorgung der Landwirtschaft und der Bevölkerung genutzt. Dabei
orientieren sich die neu erbauten Brunnenfelder auf siedlungsnahe Brunnen-
felder im Bereich der Judäischen Berge, dem Neubildungsgebiet des lokalen
Kalkstein-Aquifers. Der steigenden Wassernutzung stehen nur dem lokalen
Klima entsprechende Niederschlagsmengen zur Verfügung und so konnte
bereits ab den 1970er Jahren ein Absinken der Wasserstände beobachtet
werden.
Der Ansatz der vorliegenden Arbeit besteht darin, mittels eines hydrolo-
gischen Modells die Grundwasserneubildung im Einzugsgebiet abzuschätzen
und somit unter Verwendung eines Grundwassermodells eine Bilanzierung
der örtlichen Wasserresourcen aufzustellen. Für eine nachhaltige Nutzung
der Wasserresourcen in diesem Raum ist eine solche Analyse unerlässlich.
Für fünf ausgewählte Wadis aus dem sub-humiden bis hyper-ariden Bereich
wurde ein hydrologisches Modell entwickelt, bei dem auf dem Hydrological
Response Unit (HRU)-Prinzip basierend eine Wasserhaushaltsbilanzierung
unter Betrachtung der Morphologie, Vegetation und Bodentypen erstellt
wurde. Die gute Nachbildung der zeitlich hochvariablen Wadiabflüsse in
den Wintermonaten des kalibrierten Modells ermöglichte die Anwendung des
Modellansatzes auf das gesamte Einzugsgebiet des westlichen Toten Meeres.
Die dabei zeitlich und räumlich abgeleitete Grundwasserneubildung stellt
nun erstmals eine für das gesamte unterirdische westliche Einzugsgebiet
gültige Neubildung dar. Damit war es trotz der Herausforderung von knap-
pen zeitlich und räumlich verfügbaren Daten möglich, eine umfassende Was-
serbilanzierung des sub-humiden bis hyper-ariden Gebietes aufzustellen. Das
kalibrierte Grundwassermodell zeigt, dass mit einer mittleren jährlichen
Neubildungsrate von 36 mm/a die natürlichen Grundwasserverhältnisse des
kretazischen Aquifersystems abgebildet werden können.
Die aus dem hydrologischen Modell abgeleitete ganzjährig stattfindende
Grundwasserneubildung und die Nachbildung der Grundwasserfließpfade im
Kalkstein-Aquifer stellen eine wichtige Basis für zukünftige Wassermanage-
ment-Modellierungen dar. Durch eine Kopplung des Grundwasserströmungs-
modell mit Ergebnissen aus der geochemischen Analyse der verschiedenen
Grundwässer kann der Grundwasserfließweg im stark durch Gradienten be-
einflussten Aquifer detaillierter aufgezeigt werden.
x
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Nomenclature
amsl above mean sea level
bmsl below mean sea level
BP before present
CMORPH Climate Prediction Center Morphing Technique
DS Dead Sea
FAO Food and Agriculture Organisation of the United Nations
GWR Groundwater recharge
HRU Hydrological Response Unit
IHS Israeli Hydrological Service
IMS Israeli Meteorological Service
JGA Judea Group Aquifer
LAI Leaf Area Index
s Standard deviation
TRMM Tropical Rainfall Measuring Mission
WDS Western Dead Sea
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et al., 2012a) (publication 2) . . . . . . . . . . . . . . . . . . 47
6.2 Boundary condition of steady state groundwater flow model
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Chapter 1
Introduction
Water is the greatest good of the humanity and leads easily (in the past
and also in the future) to conflicts between peoples and states. In particu-
lar, the availability of water in water-scarce regions can force socio-political
tension. Therefore, responsibility and expert knowledge is needed to ensure
sustainable water management in these areas.
1.1 Motivation
Water scarcity is a serous problem in the Middle East. Nevertheless, the
residential area of Jericho (first settlement structures from 8500 BC) was
able to developed in such an arid area due to permanent availability of fresh
water springs of the local aquifer system.
Water is a scarce resource in the semi-arid to arid regions around the Dead
Sea and groundwater is the only fresh water source in this area. Due to
high population growth rates, water scarcity will intensify in the coming
years and brings challenges in the Middle East societies. This will result
in additional demand of freshwater, which can only be supplied by redu-
cing the amount of available water in domestic use and agriculture and an
enhanced adequate treatment for re-use of waste water. Consequently, a
comprehensive knowledge of the available water resources is needed to en-
able sustainable water management.
The intention of the thesis is to improve the knowledge about the surface
and subsurface water balance and to investigate the groundwater flow dy-
namics inside the aquifer system. The application of hydrological and hydro-
geological models with simplified assumptions allows a quantitative estima-
tion of the water balance under water stress scenarios and can seek out the
sensitive water balance parameters.
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1.2 State of the Field
The Dead Sea region is an exciting investigation area for many sciences, es-
pecially the natural sciences. Several surveys on catchment analysis, water
management or geological issues were performed and visible for the society
by numerous publications, eg. (Enzel et al., 2006; EXACT, 1998; Hall et al.,
2005; Hötzl et al., 2009; Niemi et al., 2009) A large variety of specialized
publication on water and geology related topics are available.
Fundamental investigations about the geological and tectonic processes of
the Dead Sea Transform were done by (Gardosh et al., 1990; Garfunkel
et al., 1981; Horowitz, 1987). The characterisation of the hydro-geology,
local geology and stratigraphy (e.g. Senonian Mount Scopus Group, Creta-
ceous Judea Group aquifer) were provided at first by Arad (1964); Arad
and Michaeli (1967) and later on from Arkin et al. (1965); Begin (1974);
Ben-Avraham et al. (2008); Bentor (1945); Blake and Goldschmidt (1947);
Flexer (1968); Flexer et al. (1989); Guttman (2000); Gvirtzman and Reiss
(1965); Hirsch (1983); Issar (1973); Shachnai (1968).
Several groundwater modelling studies were available since 1947 by e.g. Ben-
Itzhak and Gvirtzman (2005); Blake and Goldschmidt (1947); Guttman
(2000); Guttman et al. (1988); Guttman and Zuckerman (1995); Messer-
schmid (2004); Weinberger et al. (1994). Recent studies (Guttman, 2000;
Guttman and Zuckerman, 1995) have constructed a two-dimensional (ho-
rizontal layered) numerical simulation of groundwater flow in this region
(Ben-Itzhak and Gvirtzman, 2005). These previous groundwater flow mod-
els focused on either the modelling of the eastern and western Cretaceous
aquifer or modelling of the northern part of the Negev desert due to the
sufficient availability of data in these regions.
Hydrochemical methods for estimating groundwater recharge for the lime-
stone aquifers are provided by: Marei et al. (2010); Möller et al. (2007);
Schmidt (2014).
Hydrological studies in the Western Dead Sea basin focus on hydrological
processes like flash flood analyses, transmission loss, braided river, erosion
and sediment analyses (Morin et al., 2009; Shentsis et al., 1999; Storz-Peretz
and Laronne, 2013)
The Coastal alluvial aquifer of the Dead Sea, its sediments, the sinkhole
genesis as well as the interaction of the Dead Sea system with the adjacent
groundwater system of the Cretaceous aquifers were investigated byYechieli
et al. (1998, 1995).
Water balance studies related to the Dead Sea are accomplished by Lensky
et al. (2005) and recent studies focus on the completion of the water balance
of the Dead Sea by quantification of the submarine discharge (Mallast et al.,
2013).
The listed work on geology, hydro-geology, groundwater flow modelling and
recharge processes can be summarized as follows:
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• hydrological investigations on catchment analyses describe rainfall-
runoff relations
• the complex geology of Cretaceous age is well understood in the north-
ern part of the western Dead Sea basin
• the Cretaceous aquifer system is replenished along the mountain crest
with annual average values of 130− 150 mm · a−1
• recharge is limited to rain periods
1.3 General research questions
Although there were extensive hydrological and hydro-geological investiga-
tions in different spatial and temporal resolution, some essential questions
remain open regarding the interaction of surface and subsurface water in the
sub-humid to hyper-arid study area.
• How is the geology and hydro-geology of the study area characterized?
• How does the geological structure influence the groundwater flow dy-
namics in general?
• How is the hydraulics in the Cretaceous aquifer system characterized?
• How is the recharge composed? How is the spatial and temporal res-
olution? Which factors controlled the replenishment of the aquifer?
• How does the decreasing water level of the Dead Sea influence the
water level of the adjacent groundwater system, which is also under
decreasing condition?
• How to deal with the different aggregation and availability of data
along cities and settlements as well as desert areas? What are appro-
priate methods to handle data scarcity?
The objective of this study is to establish detailed knowledge and under-
standing of the hydrological condition along selected wadi catchments and
the characterisation of the hydro-geological behaviour of the stressed multi-
aquifer system.
The framework of the thesis consists of the development of a conceptual
hydrological and hydro-geological model, to delineate the water transform-
ation processes above and below surface. This includes a detailed geological
mapping of the Western Dead Sea Escarpment. The investigation of dif-
ferent geological structures inside the Cretaceous Aquifer system allows the
understanding of the groundwater flow direction and is essential to calculate
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the subsurface water balance of the western Dead Sea catchment. To calcu-
late the surface water balance the hydrological characteristics of 5 selected
wadi catchments with different water-availabilities of semi-arid to hyper-arid
climate conditions as well as the hydrological response to short and heavy
rain events have to be analysed.
1.4 Challenges
The availability of existing data as well as the quality of time series and
measurements greatly affect the results of the conceptual and numerical
model. In the present study, all available data (complete and incomplete)
were collected and integrated. Thus, the thesis shows how to deal with data
gaps (e.g. rainfall data sets), incomplete time series (rainfall data sets, dis-
charge measurements) or scarce and missing data in spatial (e.g. geological
information regarding stratigraphy, location of faults and folds) and tem-
poral resolution (inadequate time series of precipitation data).
On that basis, the results of this research represents the current findings
for supporting future water supply management in the western Dead Sea
catchment and in the Middle East. The thesis does not claim to be ex-
haustive, but represents the current findings for water supply on the basis
of hydrological and hydro-geological modelling.
1.5 Structure of the Thesis
The focus of the thesis is the data generation process and the application of
modelling tools to calculate the surface and subsurface water balance of the
semi-arid catchment. The thesis has a cumulative structure and is organized
into the following chapters:
• Chapter 1 gives an insight in the study area and explains the overall
research questions.
• Chapter 2 describes some important theoretical aspects and widely
used methods regarding hydrological and hydrogeological modelling.
• Chapter 3 focuses on the important characteristics of the study area.
• Chapter 4 explains at first the basic assumptions of the conceptual
model and provides the main aspects of the hydrological model. The
final results of the hydrological model are summarized in Sachse et al.
(submitted).
• Chapter 5 explains the development of the structural geological model
as a prerequisite for the flow model. Its results were published in
Gräbe et al. (2012a,b).
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• Chapter 6 provides the development of the numerical groundwater flow
model of the subsurface catchment and concluded in the publication
by Gräbe et al. (2013).
• And chapter 7 summarizes the main findings of this PhD-thesis, lists
important achievements and deficiencies and provides ideas and ad-
vices for future work.
• Finally, all relevant publications of the author are listed at the end of
the thesis (chapter 8).
5
Chapter 2
Theory and Methods
The basic principles for the implementation of reliable modelling is a robust
data set. After reviewing the available data sets, methods were selected
for hydrological and hydro-geological modelling. This chapter explains the
most important methods and points in the data analysis on publications of
the author. The workflow used in the present study consists of:
• Data analysis
• Governing equations
• Groundwater recharge
2.1 Data analysis
The collection, preparation and interpretation of available information from
universities, authorities and experts regarding the hydrological and hydro-
geological characterisation of the study area was the basis of this research
project. As a result, a considerable number of time series with continu-
ous and reliable data base were established. The hydrological and hydro-
geological analysis and modelling in the study area suffered from data scarcity
and uncertainties, especially regarding rainfall and discharge measurements
as well as the geological parameterization of aquifer and aquitard/aquiclude
layers. The study showed that spatial and temporal interpolations as well as
additional methods (e.g empirical relationships and simultaneous numerical
approaches) were suitable tools to overcome data shortage for modelling. For
detailed analysis of data as well as the different steps in preprocessing data
for the hydrological and hydro-geological modelling the reader is referred to
the following publications by the author:
• Rainfall data: An overview about rainfall stations and their time
series, and additionally comprehensive preparation of rainfall data
6
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with interpolation methods are explained in publication 4 (Sachse
et al., submitted).
• Wadi-Catchments: Characterisation of wadi-catchments concerning
morphology (slope of wadi channels), soil types (interpretation from
field work), landuse, vegetation are explained in publication 4 Sachse
et al. (submitted).
• Runoff data: Runoff data from hydrometric stations within the study
area are analysed in publication 4 Sachse et al. (submitted)
• Aquifer parameters: The stratigraphy, lithology, geological structures
and hydraulic conductivities were mostly based mainly on literature
and expanded by modelling results from the calibration of the ground-
water flow model in publications 1-3: (Gräbe et al., 2012a,b, 2013).
2.2 Governing equations
To solve numerical problems in hydrology and hydro-geology, the following
equations are obligatory:
• Continuity Equation
• Groundwater flow equation
• Boundary conditions (Neumann, Dirichlet)
2.2.1 Surface Flow - Hydrological Model: J2000g
The Jena Adaptable Modelling System (JAMS) is an open-source software
framework for component based development and application of environ-
mental models. J2000g, which is implemented in the Jena Adaptable Mod-
elling System (Kralisch et al., 2007), is a process-based, distributive hydrolo-
gical model (Krause and Hanisch, 2009). It simulates important hydrological
processes of the meso scale in a daily or monthly time step.
J2000g is characterized by a small number of calibration parameters and
robust prediction capability (Krause and Hanisch, 2009). Furthermore it is
not bound to a specific spatial distribution concept, but is a point model
i.e. it calculates hydrological processes for an arbitrary number of points,
which represent the spatial modelling entities, so called Hydrological Re-
sponse Units (HRU) (Flügel, 1995; Gao et al., 2012; Kouwen et al., 1993;
Krause, 2001; Ross et al., 1979). For each HRU and each time step, wa-
ter balance components, e.g. evaporation, are calculated according to the
climatological input data, which are regionalized by spatial interpolation
using inverse distance weighting and optional elevation correction applied
after Shepard (1968).
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The soil water storage (SWS) module is the central element of J2000g and
controls soil infiltration. Rainfall (P) reaching the soil surface infiltrates and
is added to the soil water storage. In the model the amount of infiltration is
limited by i) the soil water storage (SWS) and ii) the maximum infiltration
rate per time step (maxInf). The exceeding water is distributed depend-
ing on the excess type to I) infiltration excess water (EW1) and saturation
excess water (EW2). In both cases the excess water remains on the soil
surface. J2000g simulates single soil water storage for each modelling entity,
representing the middle pore storage (MPS). The capacity of this storage is
defined by the field capacity within the root zone and can be adapted by
the calibration parameter (FCA).
The potential evapotranspiration (PET) is calculated using the Penman-
–Monteith formula as described in Allen et al. (1998). The multiplicative
calibration parameter β can be used to increase or decrease the calculated
potential evapotranspiration for all HRU by the same relative amount.
The potential evapotranspiration rates are first taken from the excess water
storages (EW1 and EW2). If potential evaporation exceeds EW1 and EW2,
actual evapotranspiration (actET) is calculated depending on the soil water
saturation and the reduction parameter β. If infiltration excess water (EW1)
is not completely evaporated, overland flow is generated, which is directly
routed to the catchment outlet. The remaining amount of saturation excess
water (EW2) is distributed to direct runoff (dirQ):
dirQ = tanα · LV D · EW2 (2.1)
with mm/timestep
and groundwater recharge (GWR):
GWR = (1− tanα) · LV D · EW2 (2.2)
with mm/timestep,
where LVD is the calibration parameter for the lateral and vertical flow com-
ponent. Groundwater recharge is limited by a maximum percolation rate
(maxPerc), which is defined by landscape characteristics and can be adap-
ted by the parameter percAdaptation. Inside the groundwater module the
generated GWR gets partitioned into two groundwater reservoirs (GWS1,
GWS2), realised by the calibration coefficient α. The two-groundwater
reservoirs allow the simulation of a fast and slow groundwater component
(double continuum aquifer). The outflow (baseflow: basQ) from GWS1 and
GWS2 is computed with single linear storage cascades (Nash, 1958) that are
parameterised by n linear reservoirs and the retention coefficient k.
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2.2.2 Subsurface Flow - Groundwater Flow Model: Open-
GeoSys
OpenGeoSys (OGS) is a professional open-source platform for numerical
simulation of thermo-hydro-mechanical/chemical processes in porous me-
dia. The basic concept is to provide a flexible numerical framework for
solving multifield problems in porous and fractured media for applications in
geoscience and hydrology (Sachse et al., 2015). OGS is specialized in coupled
hydro systems processes and calculates the groundwater flow in porous and
fractured media of the aquifer system based on the finite element method
(Sachse et al., 2015). Numerical simulations are based primarily on object-
oriented implementation of the Finite Element Method (FEM) including a
broad spectrum of interfaces for pre- and postprocessing (e.g. ArcGIS and
ParaView). The structure of OGS input files reflects this object-orientated
approach for the solution of initial-boundary-value-problems, originally pro-
posed in Kolditz and Bauer (2004); Sachse et al. (2015). Depending on the
selected THMC process, e.g. groundwater flow, input files are constructed
in a specific way to include the relevant information required for simulation
of this process (Sachse et al., 2015).
Groundwater Flow Equation
By an experimental study of water moving through a porous medium (sand),
Henry Darcy established Darcy’s Law. Within Darcy’s Law, hi and ho are
the hydraulic head [m] on the inlet and outlet of a sand column with length
L [m] and the flow Q [m3 · s−1] is proportional to the cross-sectional area
of the pipe, A [m2]. In combination with the proportionality constant, K
[m/s], Darcy’s Law results in:
Q = − KA
(
hi − ho
L
)
(2.3)
where dh/dl is the general formulation for (hi − ho)/L and is known as the
hydraulic gradient. The negative sign indicates that flow is in the direction of
decreasing hydraulic head. The flow rate per unit cross section is expressed
as:
q =
Q
A
= − K
(
dh
dl
)
(2.4)
For describing the groundwater flow through a porous medium and to for-
mulate the dynamics of fluids in the subsurface, the representative element-
ary volume (REV) is introduced. With this assumption, it is possible to
describe a homogeneous structure of the porous medium. Parameters like
porosity, permeability or dispersivity are considered constant over the av-
eraging volume, which is another advantage for the general formulation of
9
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fluid flow through porous media. In the following sections, material para-
meters and governing equations are based on this REV. Two basic laws of
physics, law of mass conservation and law of energy conservation are the
principle equations for describing flow in a confined aquifer. The equation
of fluid mass balance in a static (i.e. non-deformable) porous medium can
be explained by (Eq. 2.5):
∂nρ
∂t
+∇ · (nρv) = Qρ (2.5)
where n is the porosity [m3 ·m−3] of the porous medium, ρ is the density
[kg ·m−3], t is the time [s], v the pore velocity vector [m · s−1] and Qρ the
source-sink term of groundwater [kg ·m−3s−1]. In case of a porous medium,
the available room for fluid flow is reduced to the pore space. The ratio of
pore space to the total volume of a porous medium is given by the porosity n.
The porosity can change in case of deformation processes, which is neglected
here.
For an incompressible fluid (such as water) it is stated:
ρ
∂n
∂t
+ ρ∇ · (nv) = Qρ (2.6)
Incompressibility means that the density of the fluid is nearly constant in
the given range of groundwater pressure values, i.e. ρ = ρ0 (ρ is fluid density
[kg ·m−3]). The dividing by the reference density ρ0 yields in
∂n
∂t
+∇ · (nv) = Qρ
ρ0
(2.7)
The temporal change of porosity is expressed by the storativity concept
in groundwater hydraulics. There is a linear relationship between porosity
and groundwater pressure changes. The proportion factor is given by the
storativity coefficient S.
∂n
∂t
= S
∂h
∂t
(2.8)
where h is the hydraulic head or piezometric head [m]. By using Darcy’s
law:
nv = q = −K∇h (2.9)
where q is the Darcy or percolation velocity [m · s−1] and K the hydraulic
conductivity tensor [m · s−1], the combining of the above stated balance
(Eq. 2.7) and constitutive equations (Eq. 2.8- 2.9) generates the groundwater
flow equation:
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S
∂h
∂t
+ ∇ · (nv) = Q (2.10)
S
∂h
∂t
− ∇ · (K∇h) = Q
S
∂h
∂t
− ∂
∂x
(
Kx
∂h
∂x
)
− ∂
∂y
(
Ky
∂h
∂y
)
− ∂
∂z
(
Kz
∂h
∂z
)
= Q
with S as storage coefficient [1 ·m−1] and Kx,Ky,Kz as the hydraulic con-
ductivity values in coordinate directions [m · s−1]. The theoretical derivation
of the groundwater flow equation is the prerequisite for the practical applic-
ation of the numerical modelling of groundwater flow processes in OpenGeo-
Sys (Sachse et al., 2015).
2.3 Groundwater recharge
Groundwater recharge is the replenishment of aquifers and an important
issue in water management in arid regions. However, the exact calculation
of groundwater recharge is one of the most difficult factors to measure the
evaluation of groundwater resources. There is no instrument or techno-
logy available to measure groundwater recharge directly. Several methods
(mostly physical or chemical methods) are available to estimate the recharge
(Allison, 1988; Foster, 1988; Lerner et al., 1990):
• Chloride mass balance (e.g. Eriksson and Khunakasem (1969); Marei
et al. (2010))
• Spring discharge method (e.g. Schmidt (2014); Siebert et al. (2014))
• Numerical analyses (Ben-Itzhak and Gvirtzman, 2005; Shentsis and
Rosenthal, 2003)
• Isotope measurements (e.g. Rosenthal and Kronfeld (1982))
• Water level fluctuation method (commonly used in unconfined aquifers)
(e.g. (Sophocleous, 1991))
• Empirical relations (e.g. Goldschmidt (1955, 1958); Guttman (2000))
In order to achieve a sufficiently accurate quantification of groundwater re-
charge, it is often appropriate to compare multiple methods. In the frame-
work of the thesis, empirical relationship of rainfall-runoff analysis as well
as numerical analyses were used to calculate the temporal and spatial dis-
tribution of groundwater recharge to the Judea Group Aquifer system.
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Study area
The study site is situated within the Jordan-Dead Sea Rift Valley including
the hypersaline Dead Sea (DS). The study area is located at the western
side of this terminal lake and considers the surface as well as the subsurface
catchment of the Western Dead Sea basin (WDS). The surface catchment
covers an area of 1820 km2 (Fig. 3.1) and is underlaid by the much larger
subsurface catchment of 3816 km2.
3.1 Study site selection
Within the framework of the multilateral Integrated Water Resource Man-
agement (IWRM) Project “Sustainable Management of water in arid re-
gions” (SUMAR) the study area along the Dead Sea was chosen to quantify
in detail the surface and subsurface water balances of both the hydrological
system of the Dead Sea as well as the adjacent groundwater system.
3.2 Geography
The study area of the Western Dead Sea represents a transboundary re-
search area of Israel and West Bank (Fig. 3.2). Moreover, the surface and
subsurface basins are also transboundary and have to be shared by different
political entities. Cities and settlement areas are mostly concentrated along
the mountain crests. The topographic environment of the western flank of
the Dead Sea can be divided from west to east to three longitudinal zones:
the mountain zone and the narrow foothills and the coastal plain of the
Dead Sea.
The Dead Sea in general is a terminal lake situated in the deepest part of
the Dead Sea Rift System. While the northern basin has a water level of
around −420 masl, the southern basin was once covered by a very shallow
lake (part of the Dead Sea), which is now used by the Dead Sea Works
12
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Figure 3.1: Overview of study area with surface (blue line) and subsurface
(black line) catchment of the Western Dead Sea
(Israel) and by the Arab Potash Company (Jordan) as artificial evaporation
ponds (Ben-Avraham et al., 2008).
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Figure 3.2: Regional structure of Western Dead Sea area. Elevation is given
in 250 meter intervals based on SRTM-data.
3.2.1 Climate
The Western Dead Sea catchment is characterized by Mediterranean climate
with low, irregular, and often torrential rainfall. The study area is located
in the transition zone of sub-humid (Highlands of Judean Mountains) to
hyper-arid climate (along Dead Sea) and is mostly influenced by westwind
weather conditions and only rarely affected by lows coming from the south.
Three different climatic zones prevail in the study area:
• Mediterranean climate zone: along the highlands with precipitation
rates of 600 − 800 mm · a−1 and potential evaporation rates of about
1600− 1900 mm · a−1
• Semi-arid to Mediterranean climate zone: along the slopes extend-
ing from the highlands to the Jordan valley and the Northern Negev.
This zones receives average precipitation rates ranging from 200 −
300 mm · a−1, with potential evaporation rates of 1900−2400 mm · a−1.
14
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• Arid climate zone: Along the shoreline of the Dead Sea, precipitation
rates range from 50−150 mm · a−1, and the potential evaporation rates
reach 2600 mm · a−1 (Flexer et al., 2009; IMS, 2012).
The study area in general is characterized by moderate temperatures. The
average annual temperature in the Judean Mountain is around 17 ◦ C and
23-28 ◦ C down in the Rift Valley (Flexer et al., 2009; IMS, 2012). The
relative humidity in the West Bank varies from 50-70% and between 20-30%
along the Dead Sea (Flexer et al., 2009; IMS, 2012).
Rainfall
The air masses of cyclones from the Mediterranean towards the Judean
Mountains are forced to ascend on the mountain range. This leads to highest
rainfall on the top of the hills during winter months. Heavy precipitation
events often cause flash floods, which flow through narrow wadi channels
towards the Dead Sea. Due to the hypersaline water of the Dead Sea, the
flood water with suspended material floats above the sea water and the
freshwater lenses are visible from afar. The irregular distribution of annual
precipitation in the study area ranges from more than 700 mm on the top
of the Judean Mountains to 50 mm and less in the Jordan Valley (Fig. 3.3).
The sharp gradient in the distribution of precipitation is demonstrated by
the rainfall statistics presented in Table 3.1, based on the selected rainfall
stations Rosh Zurim, Jerusalem, Gilgal (Jericho), Ein Gedi and Sdom.
Table 3.1: Rainfall stations with statistical analysis
Rosh Zurim Jerusalem Gilgal Ein Gedi Sdom
Station elevation 948 765 -252 -411 -217
Number of mean
annual rainy
days
49.1 44.9 38.1 22.5 14.7
Radar data were not available (especially not in the lower parts of the south-
ern Jordan Valley) due to the blocking of radars lowest beams due to topo-
graphy (Morin et al., 2009).
3.2.2 Soils
Due to the spatial heterogeneity of the local natural environment, soil types
in Israel and West Bank are characterized by a large diversity (Tab. 3.2).
The spatial distribution of soil types is linked to the rainfall gradient from
reddish carbonate soil (Terra Rossa) in the hilly north-western part to shal-
low weak weathered Rendzinas, Regosols and desert lithosols further east
15
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Figure 3.3: Distribution of mean annual precipitation. Isohyets are given in
50 millimetres intervals.
and to sandy soil along the foothills and coastal plains of the Dead Sea
(Shapiro, 2006). A similar trend in the spatial distribution of soil types can
be observed from north to south due to the decreasing rainfall sums.
Terra Rossas are characterized by clayey composition and occur among
limestone and dolomite outcrops with a thickness from centimetres to tens of
centimetres. In mountains and along foothills, the thickness of Terra Rossa
is influenced by surface erosion. The southern boundary of Terra Rossa soils
is in the area of Bethlehem and Hebron, coinciding with the 450− 500 mm
isohyets. The typical colouration results from almost complete dehydration
of iron under subtropical climatic conditions (Shapiro, 2006).
Rendzinas are shallow soils which are associated either with well-drained
fissured hard calcareous rocks (Dark Rendzinas) or associated with poorly
drained soft calcareous rocks (Light Rendzinas). The southern boundary
of the Rendzina area ranges from Judean Mountains to Hebron in the area
with annual rainfall of 300− 350 mm (Shapiro, 2006).
16
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Table 3.2: Correlation list of the main soils in the study area, adapted from
Shapiro (2006)
Soil names in study area Soil names according FAO classification
Terra Rossa Cambisols, Phaeozems
(Dark + Light) Rendzinas Rendzinas
Serozems Yermosols
Regosols Rhegosols
Desert Lithosols Lithosols
Sandy soils Arenosols
Light brown soils are the major soils of the semi-arid loess region (e.g. North-
ern Negev) and are located within the 200−220 mm isohyets. To the south of
this isohyets, the saline soils of the semidesert and desert regions (Serozems)
are situated. Calcareous Serozems in the Jordan Valley are characterized by
light colours, saline and both high-carbonate and high-gypsum soils, which
are developed on old lake marls (Shapiro, 2006).
Regosols are shallow saline and gypsiferous soils of the stony desert with a
pavement of gravel and small boulders.
Typical components of the desert landscapes are the Desert Lithosols, which
are intergrades between soils proper and coarse stony weathering crusts of
hard limestones, chert, sandstones and associated usually of eolian fine earth.
The Sandy Soils on the Holocene dunes are undifferentiated soil prevalents
(e.g. Negev). The study area is characterized by soil alternations at dis-
tances of several hundreds to sometimes tens of meters, observable by the
patchy soil cover of the mountains and plains of the arid zone (Shapiro,
2006).
3.2.3 Vegetation
According to Zohary (1962, 1973), the study area belongs to the Medi-
terranean and the Irano-Turanian vegetation zones. The Mediterranean
vegetation zones are characterized by Pinus halepensis, Quercus coccifera,
Quercus ithaburensis, Ceratonia siliqua, Olea europaea and Pistacia spp.
The Irano-Turanian zone consists of mostly shrubs and bushes, like Retama
raetam, Artemisia herba-alba, and Anabasis syriaca. Large parts of the
study area are without a year-round vegetation due to annual precipitation
< 400 mm.
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3.2.4 Land use
The upper parts of the catchment are covered by natural forests and affor-
ested lands (Flexer et al., 2009). Irrigated agriculture is practised along the
northern wadi courses, whereas the high-rainfall areas are used for rain-fed
agriculture. The more southern part of the study area, which is covered by
hard rock and rock debris, is barren of any vegetation and influenced by
increasing desertification (Flexer et al., 2009). Around 88% of the study
area are characterized by open soil and sand or bare rocks.
3.3 Hydrology
Surface water in the study area beside the Dead Sea is limited to ephemeral
flash floods in wadis, generated after significant rainfall events during rainy
season. As a consequence of steep wadi slopes and heavy rainfall events, the
flood water contains high amounts of suspended sediment and induces chan-
ging water courses in the braided river system (Storz-Peretz and Laronne,
2013).
3.3.1 Wadis
Five surface catchments (wadis) were selected to analyse the hydrological
behaviour depending on the semi-arid to hyper-arid conditions (Tab. 3.3).
Four of five wadis are located in the West Bank (Wadi Qilt, Wadi Darga,
Wadi Tkoa and Wadi Arugot) and the southermost Wadi Rahaf belongs to
Israel.
The relatively fast hydrological response on significant precipitation events,
which can be detected by flood hydrographs at the outlet of the five selected
wadis, is controlled by large areas of bare rocks or shallow soils without
vegetation.
Table 3.3: Wadi catchments characteristics
Qilt Darga Tkoa Arugot Rahaf
Area [km2] 145 87 147 257 85
Mean channel length [km] 29 30 32 36 17
Mean slope [◦] 16 13 13 15 13
Runoff time series 1/1980-
3/1983
12/1991-
2/2010
1/1991-
2/2010
2/1985-
5/2001
2/1991-
2/2010
Mean annual runoff
volume [106m3 · a−1]
0.14 0.15 0.46 2.01 0.52
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3.3.2 Flashfloods
Flash floods due to heavy and irregular rain events occur in the autumn
and winter seasons (October–February), partly in springtime (March–May).
They are mainly induced by extra-tropical cyclones from the Mediterranean
Sea and the Active Red Sea Trough, an extension of the African Monsoon
(Kahana et al., 2002). The flood events often cause severe damage (Morin
et al., 2009) along the wadi channel. According to Morin et al. (2009) 1.6
to 3.8 flow events per year in wadis along the Dead Sea were observed on
average.
3.3.3 Dead Sea
The Dead Sea is the lowest altitude hypersaline lake in the world and with
salinity of 34.2 % it is also one of the saltiest water bodies of the world.
Significant for the analysis of the water balance of the around 324 m deep
lake is although the drop about 20 m of the level of the Dead Sea since
the 1960s, thereby enhancing the drainage of the Upper and Lower Aquifer
(Anati, 1997; Möller et al., 2007). During winter months, the water level of
the Dead Sea can be triggered by flash flood discharges.
3.4 Geology
The Dead Sea region was influenced by numerous transgressions and regres-
sions due to periodic raising and lowering of the Tethys and the Mediter-
ranean Sea. This resulted in alterations of deposits and erosion of marine
sediments. The Alpidic orogeny of the Pliocene led the Judean Mountain
raise and this resulted in the separation of the hypersaline Dead Sea from the
Mediterreanean Sea. Since that time, the precipitation leached the saline
sediments and the high evaporation in the Jordan Rift valley led to salting
of the sea water.
During the Late Proterozoic age, the continental crust in the Dead Sea re-
gion was consolidated by the Pan-African orogeny and stayed stable during
Phanerozoic age. The tectonic stability was interrupted by Permian-early
Mesozoic rifting which created a strong faulted belt with 70−100 km width.
In Permian-Eocene times, the platform was covered by a sediment wedge
whose thickness varies from 6−8 km beneath present Mediterranean coast to
1 km or less 250 km inland. In Senonian to Miocene times, the region was af-
fected by mild compressional deformation resulting in structures of the Syr-
ian arc. Those structures include east-northeast to northeast-trending folds
and east- to west-trending lineaments of aligned faults and folds (Bartov,
1974). The region of the Syrian arc was covered by shallow-water marine
sediments until after mid-Eocene times (ca. 40 Ma). In mid-Miocene times
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(15−12 Ma) the region west of the Dead Sea basin was covered again by mar-
ine regression. The Cenozoic continental breakup produced several rifts and
let to a separation of the Arabian plate from the major African plate (Flexer
et al., 2005). The Dead Sea transform forms a part of the new boundary
of the Arabian plate. This major fracture zone and physiographic feature
extends over 1000 km from the zone of sea floor spreading at the southern tip
of the Sinai Peninsula to the Taurus-Zagros zone of convergence in Turkey
(Ben-Avraham et al., 2008). The southern part of the Dead Sea transform
crosses the early Mesozoic strongly faulted zone (Syrian arc) and the grain
of the basement exposures. The Syrian arc deformation virtually ceased, the
region was uplifted and widespread igneous activity took place (Garfunkel,
1997). The uplift on the western side of the Dead Sea basin led to elevations
of 1 km or more above sea level, whereas farther south elevations are higher.
The areas west of the Dead Sea basin forms a broad arch. The eastern
margins of the Dead Sea basin drop gradually eastwards. Thus, most of the
uplifting of the Dead Sea basin margins appears during the post-Miocene
(Garfunkel, 1997).
The Dead Sea transform (also known as the Dead Sea Fault or rift) along
the Arava-Dead Sea-Jordan Rift Valley is an intracontinental plate bound-
ary and has developed as a major left-lateral transform fault zone since the
Miocene (Aldersons et al., 2003; Flexer et al., 2009). The Dead Sea basin (as
well as the Hula basin and Lake Kineret) is one of the series of active rhomb-
shaped pull-apart basins (Quennell, 1958) located along the Dead Sea trans-
form and is approximately 150 km long and 15−17 km wide. The amount of
left-lateral motion along the transform in the Dead Sea region is estimated
at 105 km (Freund et al., 1970; Quennell, 1958). The Dead Sea depression
comprises two basins, each about 50− 60 km long. The basins are bounded
by two strike-slip faults, the Jordan and the Arava faults (Frieslander and
Ben-Avraham, 1989; Garfunkel et al., 1981). During its highest water level,
the lake reached about 200 m above the present Dead Sea level (Gardosh
et al., 1990).
The Judean Mountains’ anticlinorium is part of the Syrian Arc fold system
and underwent several phases of compressional folding, uplift and faulting in
post-Turonian through Quaternary times (Flexer et al., 1989). The moun-
tain area is characterized by several NE-trending uplifted folds, where the
Ramallah and Hebron Anticlines are the main folding structure. Both an-
ticlines connect the structures of the northern Negev to the Samaria and
Galilee structures. These asymmetric anticlines are characterized by steeply
dipping westward-facing flanks whereas the eastern limb has moderate dip-
ping. The crest area of the Hebron monocline is relatively flat. The Ramal-
lah monocline plunges towards the SSW and is separated from the Hebron
monocline by a narrow syncline. Several normal faults which were per-
pendicular to the main monocline can be observed in the geological and
structural maps. The well-exposed sequence, mainly carbonate rocks, is
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composed almost entirely of Cretaceous rocks with only a few younger sedi-
mentary deposits on both the east and west flank (Flexer et al., 1989). The
Judean Mountains are fringed to the north by the axial plunge of the Judean
anticlinorium and by the En Samia-Jericho fracture zone around Jericho. In
the east it is limited by the Dead Sea Rift. The western boundaries are the
Hashefela foothills and the Beersheva-Arad Basin forms its southwestern
boundary (Flexer et al., 1989).
The regional lithologic column of the study area range in the age of Triassic
to Holocene and contains carbonates, cherts, chalk, gravels, sandstone and
evaporites. The ancient formations of Triassic to Turonian age are composed
mainly of limestone, sandstone and marl layers. They crop out in the western
part of the study area along the highlands of the Judean Mountains. Within
the Jordan Valley, the sediments consists mainly of Quaternary gravel, sand,
clay and evaporites (Flexer et al., 2009).
3.5 Hydro-geology
The formations of interest in the thesis are from Cretaceous to Neogene
period (Tab. 3.4) with focus on Albian to Pli-Pleistocene age. Three ground-
water systems can be separated in the study area:
• Kurnub Group Aquifer
• Judea Group Aquifer
• Quaternary Coastal Aquifer
The Kurnub Group Aquifer (Zeweira to Qatana Formation) is built of clastic
rocks (sandstone and clays) with a number of carbonate horizons, which
thickens northwards (Arad, 1964). The sandstone aquifer is mainly replen-
ished in Central Sinai (Issar et al., 1972). Due to the length of the ground-
water flow paths and the parallel increase of salinity, only few wells are used
to produce water for the tributary industry in the study site. However, the
Kurnub Group Aquifer is not investigated in detail by this study.
The geological layers of Late Albian to Lower Cenomanian age as well as
the Upper Cenomanian to Turonian age comprises the Judea Group Aquifer
(also known as the regional Mountain Aquifers: Blake and Goldschmidt
(1947)). This aquifer system consists of two aquifers (Lower Judea Group (L-
JGA): Kefira, Givat Yearim, Soreq, Kesalon; Upper Judea Group (U-JGA):
Amminadav, Kefar Shaul, Weradim and Bina) separated by an aquiclude
of Bet Meir and Moza formation with a thickness of 10 − 140 m (Guttman
et al., 2009). The separation of Lower Aquifer and Upper Aquifer by the
Moza and Beit Meir (Palestine nomenclature: Yatta) is manifested in the
difference of the regional water levels in both aquifers. The water level of
the Upper Aquifer is about 50− 80 m higher than that in the Lower Aquifer
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indicated from data derived from the wells of Herodion 4 and 5 and at about
40 m from the wells of Hebron 1 and 2 (Qannam et al., 2004). Both aquifers
are lithologically characterized by nearly 400 m thick limestone and dolomite
layers. The western part of the Turonian to Cenomanian Aquifer is uncon-
fined. The Lower Aquifer is confined due to overlaying limestone layers and
marl and chalk layers of Senonian age.
Bounded by normal faults, the Quaternary Coastal Aquifer (also called the
Jordan Valley Aquifer system) along the Dead Sea shoreline with its alluvial
and lacustrine sediments is set against the Cretaceous carbonate rocks of the
Judea Group (Yechieli and Sivan, 2011). The Alluvial Coastal Aquifer (Arad
and Michaeli, 1967) consists mainly of clastic sediments such as gravel, sand
and clay deposited in fan deltas, and lacustrine sediments such as clay, arag-
onite, gypsum and salts (Yechieli and Sivan, 2011) and is mainly recharged
through lateral inflow from the Judea Group Aquifer. Direct recharge is
negligible because of arid climate and high evaporation in the Dead Sea re-
gion (Yechieli and Sivan, 2011). Salt layers in the Alluvial Aquifer along the
Dead Sea are assumed by lab experiments to be of relatively low hydraulic
conductivity (Weisbrod et al., 2012). However, the Dead Sea and the ad-
joining groundwater system are hydraulically interconnected (Yechieli et al.,
1995). The drop in groundwater levels due to a decrease in water level of
the Dead Sea by 1 m becomes moderate with increasing distance from the
shoreline inland (Yechieli et al., 2009).
The groundwater flow from west to east in the regional Judea Group karstic
carbonate aquifer is partly confined by the overlaying Mount Scopus Group
chalks. When the groundwater flow reaches the fault system of the Dead
Sea Transform, parts of the flow enter the graben fill and ascend along the
fault system as outlets (e.g. Ein Feshra [Enot Zuqim]) (Kafri, 2001). The
groundwater flow regime in the study area is influenced by anticlinal and
synclinal structures crossing the entire area and the intense fault system
that form graben, horsts and step structures. They force the groundwater
flow pattern, the distribution of salinity and the size and shape of the re-
charge areas. In some parts of the study area, the dense faulting systems
allows hydraulic connections between the Upper and Lower Judea Group
Aquifer (Flexer et al., 2009). Groundwater flow gradient is strong related
to the dipping of geological layers and leads to groundwater flow gradient
in the Dead Sea coastal plain of 5 h (Baida and Goldstoff, 1972; Yech-
ieli, 1993) to 2.5 % (Kafri, 2001). The Lower Aquifer is characterized by
high water bearing capacity and productivity due to its great thickness of
275 − 330 m. The geological formation of this aquifer is characterized by a
steep gradient of 4-5% (40− 50 m · km−1) towards the east (Qannam et al.,
2004). The water bearing formations of the Upper Aquifer (Cenomanian-
Turonian Aquifer) are the Bina, Weradim and Aminadav-Formations with
a thickness ranging between 155 m and 560 m. Due to the erosive character
of anticlinal structures, the outcropping areas of these formations can be
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found along at mountain ridges (e.g. Hebron) (Qannam et al., 2004). Ho-
rizontal flow velocities along the Dead Sea coastal plain are in the order of
magnitude of 10 m ·month−1(Baida and Goldstoff, 1972; Yechieli, 1993) to
20− 25 m · day−1(Kafri, 2001).
As a natural outlet of the phreatic aquifers, spring discharge can be observed
along the banks of the wadis in proximity.
The replenishment of the Judea Group Aquifer occurs essentially on the out-
crops of the Albian to Turonian Formations in the Judean Mountains and
is supported by hydro-chemical analyses (Khayat et al., 2009; Marei et al.,
2010; Möller et al., 2007; Rosenthal and Kronfeld, 1982; Yechieli et al., 1996)
and several modelling studies (Ben-Itzhak and Gvirtzman, 2005; Blake and
Goldschmidt, 1947; Guttman, 2000; Guttman et al., 1988; Issar, 1973; Man-
del, 1961; Schmidt, 2014). The replenishment of the Jordan Valley Aquifer
is manifold: precipitation, base flows, flash floods and return-flows from
irrigation (Flexer et al., 2009).
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Table 3.4: General hydro-geology based on Guttman et al. (2004) and IHS
(personal communication)
Epoch Age Group Formation
(Palestinian)
Formation
(Israeli)
Aquifer
Potential
Thickness
(m)
Quaternary Pleistocene Dead Sea Lisan Lisan Aquitard 10-100
Neogene Miocene Hazeva Beida Zeva Local
Aquifer
20-200
Paleogene Eocene Jenin Avedat Aquifer 90-670
Paleogene Paleocene Mt.
Scopus
Khan
Al-Ahmar
Taqiye Aquitard 40-150
Upper
Cretaceous
Senonian Khan
Al-Ahmar
Ghareb Aquitard
Wadi
Al-Qilt
Mishash Aquiclude 10-120
Abu Dis Menuha Aquiclude
Turonian Judea
Group
Jerusalem Bina Upper
Aquifer
40-190
Upper
Cenomanian
Bethlehem Weradim Upper
Aquifer
50-210
Bethlehem Kefar
Shaul
Upper
Aquifer
Hebron Aminadav Upper
Aquifer
65-160
Lower
Cenomanian
Yatta Moza Aquitard 50-125
Yatta Beit Meir Aquitard
Lower
Cretaceous
Upper Beit
Kahil
Kesalon Lower
Aquifer
10-20
Upper Beit
Kahil
Soreq Lower
Aquifer
60-130
Lower Beit
Kahil
Givat
Yearim
Lower
Aquifer
40-90
Albian Lower Beit
Kahil
Kefira Lower
Aquifer
100-160
Aptian Kurnub Qatana Qatana Aquitard 40
Ein Qinya Ein Qinya Aquifer 55
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3.5.1 Springs
Springs are the natural outlet of the Judean Aquifer system and provided
the basis for the first settlements in this region. For example the springs
of Ein Nu’eima, Ein Duyuk, Ein Shusha and Ein Sultaneh supply Jericho
with annually discharge of 13 · 106 m3 of fresh water (30 mg Cl/Liter) from
the deeper strata of the Judea Group (the so called Jordan Valley marginal
system) (Begin, 1974). Ein Samia supplies annually about 1 · 106 m3 water
to Ramallah and Ein Auja supplies annually some 13 · 106 m3 water (Begin,
1974). Further, the springs of Enot Zuqim belong to one of the biggest
known spring systems in the interface between Eastern Mountain Aquifer
and Coastal Alluvium Aquifer. The total yield of Enot Zuqim springs is
estimated to 70-80 MCM per year (Guttman et al., 1988).
3.5.2 Well fields
Well fields in the study area are mostly concentrated within close proximity
to settlements in the western and eastern part of the study area (Fig. 6.1,
6.5). The undisturbed period of the aquifer systems ends mainly in the
1940s and before (Weinberger et al., 1994) and turned to intensive exploit-
ation of groundwater (e.g. in the neighbouring Yarkon-Taninim Aquifer) in
the early 1950s and mid-1950s (Weinberger et al., 1994; Zeitouni and Dinar,
1997). Current abstraction rates in the study area are shown in Fig. 3.4.
The Herodion-Beit Fajjar well field (Fig. 3.5) is located in the Beit Sahour
Syncline in the West Bank. These wells, which are discharging the Lower
and Upper Judea Group Aquifer, are situated in the groundwater sub-basin
of Jerusalem Desert Sub-basin, a part of the Eastern basin of the Mountain
Aquifer (Qannam et al., 2004). The geology of the well field is composed of
sedimentary carbonate rocks (limestone, dolomite chalk) and marls of Al-
bian to Holocene age. Its potential yield was recognized by Rofe and Raffety
consultancy team in 1963. The contribution to the drinking water supply is
about 1200 m3 · d−1. Six additional wells were drilled during 1971 and 1993
(Qannam et al., 2004).
The Herodion well field is characterized by a relatively moderate flow gradi-
ents due to zones of low transmissivity and in comparison to a steeper gradi-
ent in the well fields north of Herodion well field: wells of Jerusalem 5 and
Azaria 1 (Qannam et al., 2004) (Fig. 3.6).
The available data based on various assumptions (e.g. CH2MHILL (2002))
and only parts of the data are well known (Mekorot, Palestinian Water
Authority (PWA)). The data base e.g from IHS, personal communications)
shows at least 60 wells with pumping rates varying between 0.5 and 2.5 ·
106 m3 · a−1. The assumption leads to a max. volume of 150 · 106 m3 · a−1.
Declining water levels due to pumping can be observed in almost all well
fields and aquifers (Fig. 3.7).
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The Jericho well field (Turonian - Upper and Lower Cenomanian Aquifer) is
characterized by a gentle decrease (up to 5 m) in water level in both aquifers
over nearly 30 years observation data. In addition to this, the fluctuations
in water level are similar in time and quantity in both aquifers (Fig. 3.6).
20 kilometres north west of Jericho, the well field of Jerusalem is charac-
terized by a large variety in water level of the Lower Cenomanian Aquifer
with almost constant water level in the same period. However, the water
level in the neighbouring well field of Herodion (mainly Lower Cenomanian
Aquifer) has dropped dramatically: up to 160 m differences can be observed
in the well of Herodion 2. Similar observations were noticed for the Bani
Naim well field. Installed in 2004, the water level in the Lower Cenomanian
Aquifer decreased within 8 years by 64 m (Fig. 3.6).
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Figure 3.5: Water level of neighbouring wells (Herodion to Hebron area)
of the Upper Cenomanian-Turonian Aquifer and the Lower Cenomanian
Aquifer (Source: Mekorot, SMART-Project, IHS)
28
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Figure 3.6: Comparison of water levels of neighbouring wells (Jericho to
Jerusalem area) of the Upper Cenomanian-Turonian Aquifer and Lower
Cenomanian Aquifer (Source: Mekorot, SMART-Project, IHS). It should
be emphasized that differences in water levels of both aquifer systems are at
highest in the mountain areas and under confined conditions of the Lower
Cenomanian Aquifer. The water level differences in both aquifers along the
Dead Sea Transform are very small.
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Figure 3.7: Declining water levels over time in 4 selected well fields: Jericho
(nearly no to moderate changes of water levels in 25 years observations),
Jerusalem (partly extreme water level fluctuations over short time periods
during 30 years), Herodion (consequent decline in all observed wells during
up to 35 years) and Bani Naim (the youngest well field with up to 60 m
decline in water level over seven years) (Source: Mekorot, IHS)
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Chapter 4
Hydrological Model
The simulations of the numerical hydrological model of five selected sub-
catchments within the Western Dead Sea catchment and finally of the whole
domain were done by the application of J2000g and explained in detail by
publication 4 (Sachse et al., submitted). The following sections summarized
the workflow and main findings of the hydrological model.
4.1 Conceptual Model
The conceptual model comprises hydrological and hydro-geological aspects
of the study area of the Western Dead Sea. These aspects based on liter-
ature data, hard data (e.g. rainfall data, waterlevels, discharge data) and
interpretation of both data sources. The main facts and assumptions of the
conceptual model (Fig. 4.1) can be summarized as:
• The steep gradient of geological layers due to tectonic processes affects
the morphology of the study area and leads to serious elevation changes
over short distance: elevations from 1000 m in the west to -420 m in
the east over 30 kilometres.
• The distribution of annual precipitation in the study area decreased
both from north to south and from west to east from nearly 700− <
50 mm.
• Properties of the investigation area like morphology, spatial distribu-
tion of vegetation, land use and soil are assumed to be constant over
the study period (1977-2010).
• The definition of the subsurface catchment of the Western Dead Sea
ensures no influx from underlying or neighbouring geological layers.
• Both aquifer layers of the Cretaceous Judea Group represent the main
aquifer system and have their outcrops along the mountain crests.
31
4.1. CONCEPTUAL MODEL 32
• Large amounts of groundwater recharge are estimated for the sub-
humid parts of the Judean Mountains, whereas no significant recharge
is expected along the Dead Sea due to very low rainfall.
• Groundwater flow inside the limestone aquifer is assumed from west to
east following the hydraulic gradient towards the Dead Sea. Geological
structures (e.g. faults, folds, anticlines and synclines) can influence the
groundwater flow dynamics.
Figure 4.1: Conceptual model
The conceptual modelling approach comprises the hydrological model J2000g
linked with a subsurface groundwater flow model of OpenGeoSys to re-
produce the hydrological processes influencing both surface and subsurface
catchment (Fig. 4.2). The hydrological model focused at first on five se-
lected sub-catchments in the western Dead Sea basin and represents the
important hydrological processes (runoff (e.g. flashflood), infiltration (e.g.
recharge generation) and evapotranspiration). The results of the calibrated
hydrological model were applied to the whole study area and allow a de-
tailed water balance of the subsurface catchment of the western Dead Sea.
With the knowledge of the boundary conditions of the subsurface catchment
and the input data from the hydrological model a steady state and a transi-
ent groundwater flow model of the local aquifer system were developed and
enable complex analyses of interactive flow paths between the surface and
subsurface.
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Figure 4.2: The conceptual modelling approach with the hydrological and
the groundwater flow model.
4.2 Hydrological Model J2000g
The hydrological model J2000g (Fig. 4.3), which is developed within the
modelling framework JAMS (Jena Adaptable Modelling System) is used
for the calculation of water balance parameters, especially the groundwater
recharge. The model belongs to the group of deterministic, distributive,
mainly physically based hydro-geological models. Basing on Java, JAMS is
platform-independent and allows modifications or implementations of new
routines due to the modular approach of JAMS framework (Kralisch and
Krause, 2006). The modelling concept was explained in detail by Chap. 2.2.1.
4.2.1 Data base
The hydrological model consider a modelling period of 33 hydrological years
(10/1977 - 09/2010). Due to available time series the temporal resolution
is one month and the spatial discretization, which is related to important
hydrological aspects (e.g. wadi courses), varies between 200 and 2000 m.
The input data include (Fig. 4.4):
• 33 rainfall station data sets with varying time series (mainly monthly
resolution)
• 34 climate stations (precipitation; minimum, maximum and mean tem-
perature; wind velocity, sunshine hours; relative and actual humidity)
• 5 hydrometric stations with event based runoff data with varying time
series
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Figure 4.3: Conceptual approach of hydrological model J2000g with focus on
the intersection of input data for simulating the water balance parameters
on HRU-basis. Modified from T. Rödiger (personal communication)
• land cover classification from Aster satellite image (March 2008)
• soil type classification by field work and literature
For more details regarding data analysis (e.g. additional data sets from
satellite products (Fig. 4.5) to overcome data scarcity due to missing data),
data processing and interpretation of input data the reader is referred to
publication 4: Sachse et al. (submitted).
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Figure 4.5: Available satellite products for precipitation (TRMM,
CMORPH data points) vs. rain stations (mainly IMS-stations)
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4.2.2 Simulation results from J2000g
The results (time series of water balance parameters, e.g. groundwater re-
charge, evapotranspiration) of the hydrological model are published in pub-
lication 4: Sachse et al. (submitted). Some additional interpretations of
hydrological influencing parameters, which are not further published until
know, are described in the following section.
The characterisation of soils in the study area was supported by field
work. Several soil profiles of different morphological sites in the study area
were analysed regarding spatial distribution in the landscape, soil thickness,
sediment analysis and infiltration capacity (Fig. 4.6). Results from the soil
analysis were used as input parameters in the soil module of the hydrological
model. Crucial parameters of soil characteristics (e.g. slope-depending soil
thickness, maximum infiltration capacity, field capacity and deceleration of
infiltration due to soil crusts) were derived from catena analyses.
Figure 4.6: Soil profiles of a catena in Metzoke Dragot
A correlation between annual precipitation and annual groundwa-
ter recharge rate can be derived from the available 33 years time series.
Already Guttman (2000) presented an empirical relationship of clustered
rainfall sums and groundwater recharge with the equations:
• Replenishment equation for rainfall above 650 mm · a−1:
Rp = 0.8 ∗ (Pi − 360) (4.1)
• Replenishment equation for rainfall ranging from 300− 650 mm · a−1:
Rp = 0.534 ∗ (Pi − 216) (4.2)
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• Replenishment equation for rainfall less than 300 mm · a−1:
Rp = 0.15 ∗ Pi (4.3)
Our analyses suggest that the empirical rainfall-runoff relationship, based
on the clustering of precipitation from 260−420 mm · a−1, leads to a revision
of the formula of Guttman (2000) Eqn. 4.2:
Rp = 0.577 ∗ (Pi − 250) (4.4)
This leads to slightly lower groundwater recharge estimations. The adapt-
ation of the equation for average precipitation sums is still consistent with
other studies (Fig. 4.7).
Figure 4.7: Comparison of natural recharge curves (Goldstof 1972 and Gold-
stof and Ben Zvi 1972 in Guttman (2000))
The evaluation of modelling results regarding temporal and spatial distri-
bution of groundwater recharge of the Western Dead Sea leads to mean
annual volume of 139.9 MCM · a−1, which is comparable to existing studies
(publication 4: Sachse et al. (submitted)). However, our simulations demon-
strate that, in contrast to existing publications, groundwater recharge is
a year-round process, even outside of the precipitation period from Octo-
ber to March (Fig. 4.8). We could show with our model that the delay occurs
due to the long infiltration path through the massive limestone aquifer. To
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Figure 4.8: Simulated water balance of the Western Dead Sea. The max-
imum precipitation sums (blue bars), which are the input in the hydrological
system of the study area, are registered for the months December to Febru-
ary. Starting from January, the mean monthly potential evpotranspiration
(red bars) drastically increases up to 140 mm in July. Due to the lack of free
available water sources in the system (e.g precipitation), the actual evapo-
transpiration (yellow bars) is very low during summer months. The mean
monthly groundwater recharge is the parameter of the water balance with
nearly constant values of the the whole year. Maximum recharge volumes
were simulated for the months March to April, which is a temporal differ-
ence of two months to the peak in precipitation (publication 4: Sachse et al.
(submitted)).
conclude: groundwater recharge is a continuous year-round process and has
to be considered in future modelling studies on groundwater management.
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Chapter 5
Structural geological model
The development of the structural model of the Cretaceous aquifer system
within the Western Dead Sea catchment by applying GMS and ArcGISwere
explained in detail by publication 2 and 1: Gräbe et al. (2012a,b). The
following sections summarizes the stratigraphy, workflow and results of the
structural model.
The numerical groundwater flow model of the Judea Group Aquifer is based
on a structured mesh of considered geological layers. Several input data and
their interpretations were integrated in the development of the structural
model of the Judea Group Aquifer system.
5.1 Stratigraphy
The Judea Group Aquifer is characterized by several layers of limestone,
dolomite and marl. This aquifer system extends from the coastal plain of
Israel to the west, to the arabian craton in the south and east and comprises
Albian-Turonian carbonates. The lower boundary of the Judea Group is at
the lowermost appearance of Albian carbonates (Hirsch and Flexer, 2005).
The upper boundary corresponds with the unconformity marking the Seno-
nian folding (Hirsch and Flexer, 2005). The Judea Group comprises the
following geological formations:
• Kefira Formation (Klk), first described by Arkin et al. (1965)
• Giv’at Ye’arim Formation (Kugy), first described by Arkin et al. (1965)
• Soreq Formation (Kus), first described by Arkin et al. (1965)
• Kesalon Formation (Kuke), first described by Arkin et al. (1965)
• Beit Me’ir Formation (Kubm), first described by Arkin et al. (1965)
• Moza Formation (Kumo), first described by Arkin et al. (1965)
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• Aminadav Formation (Kua), first described by Arkin et al. (1965)
• Kefar Sha’ul (Kuks), first described by Arkin et al. (1965)
• Weradim Formation (Kuw), first described by Arkin et al. (1965)
• Bina Formation (Kub), first described by Arkin et al. (1965)
More detailed informations are available under (Hirsch, 1983). The temporal
sequence of deposition is apparent from the Table 5.1.
5.2 Database
Existing borehole data, geological cross sections, geological and structural
maps (Fig. 5.1) were analysed to assess boundaries of the multi-aquifer sys-
tem and to extract the catchment of both aquifers.
579 boreholes with litho-stratigraphical information were available. Most of
these borehole data are concentrated along well fields and near cities and
villages in the north-western part of the study area. Geological information
in the middle and in the south-eastern part were generated from virtual
boreholes based on interpretation of geological and structural maps as well
as outcrops of geological layers.
Groundwater divides were calculated by the help of geographical inform-
ation system based on the digital elevation of the multi-aquifer layers and
structural features and are situated in the west (Hebron and Jerusalem anti-
cline), north (Ramallah anticline), north-east and southern part of the study
area. In the eastern part the study area is bounded by the Arava strike-slip
fault. The average thickness of the Judea Group varies over the study area
and is documented in Table 3.4.
5.3 Workflow
The structural model was developed on the base of 579 borehole stratigraph-
ies as well as digitalized geological maps, faults (structural map (Flexer et al.,
1989)), geological cross sections and geological data tables in ArcGIS. The
discretization of the model domain is based on a large set of geological input
data and little information about hydrological data. It takes into account
surface information derived from a Digital Elevation Model (DEM) of the
region with a resolution of 30 m as well as the course of a number of wadis
and wells located in that area.
Two methods were considered to develop the structural model:
• Using the well known and robust Ground Water Modelling Software
GMS and export the 3D model via 3dm-file to the numerical model
(Fig. 5.2).
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Table 5.1: General stratigraphy of the Lower and Upper Judea Group
Aquifer-System (Guttman and Gotlieb, 1996)
Age Formation
(Palestinian)
Formation
(Israeli)
Thickness
(m)
General litholo-
gical description
Turonian Jerusalem Bina 90-100 Hard lime-
stone,some
dolomite and
marl
Cenomanian Bethlehem Weradim 90-100 Hard massive
dolomite
Kefar Shaul 30-40 Soft limestone,
chalky limestone
and marl
Hebron Aminadav 90-100 Hard porous, grey
dolomite
Yatta Moza 10 Yellowish marl
and limestone
Beit Meir 80-110 Limestone, chalk,
grey marl at bot-
tom
Albian Upper Beit
Kahil
Kesalon 30 Hard dolomite,
hard limestone,
rich in fossils
Soreq 100-110 Limy dolomite,
marly dolomite,
marl, at times
some chert
Lower Beit
Kahil
Givat
Yearim
60-70 Hard dolomite,
hard massive
limestone
Kefira 150-180 Limestone with
intermediate
marl layers
(marl increases
in downward
directions)
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Figure 5.1: Workflow
• Interpolate the combined data from borehole stratigraphy, digitalized
geological maps, geological cross-sections and geological data tables
in geographical information system ArcGIS and export the resulting
raster file as asc-file to the numerical model.
The latter method was finally used to generate a very precise 3D-layer struc-
tural model by using Kriging-interpolation method due to a better perform-
ance with in total around 4450 geological information points. Results show a
good correlation with the geological map (1:200.000). This structural model
was the input for the mesh-generation in OpenGeoSys (Chap. 6.1).
43
5.3. WORKFLOW 44
Figure 5.2: Cross sections of the structural model and the resulting geolo-
gical structural model of the Judea Group Aquifer
44
Chapter 6
Numerical groundwater flow
model
The simulations of the steady state numerical groundwater flow model of the
Western Dead Sea catchment were done by the application of OpenGeoSys
and explained in detail by publication 3: Gräbe et al. (2013). The following
sections summarize the workflow and main findings of the numerical model.
In order to simulate the groundwater flow processes within the Western Dead
Sea catchment, a large number of input data sets from different sources were
required. The framework of the OpenGeoSys Data Explorer (OGS DE)
supports the creation of finite element meshes and boundary- and initial
conditions to complex, unstructured geometries. This allows a comfort-
able implementation of model input data, which were previously generated
(e.g. raster- and feature-files from ArcGIS). The numerical groundwater flow
model of the Judea Group Aquifer based on the conceptual model of ground-
water flow presented in Chap. 4.1. First, a simplified modelling approach,
which considers the mean annual groundwater recharge (calculated by the
empirical method of Guttman (2000)) as well as spring discharge along the
Dead Sea shoreline, were applied. The model set-up was performed using
OGS DE and covered the following working steps:
1. Definition of model geometry
2. Generation of surface and subsurface meshes (Chap. 6.1)
3. Setup of steady state model, including boundary conditions and ma-
terial properties (Chap. 6.2)
4. Simulation
5. Visualisation of results and post processing
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6.1 Workflow of 2D and 3D meshing
Starting with the previously generated layers of the geological structural
model (Chap. 5.3), a 3D subsurface mesh was developed. This triangulated
finite element mesh was used to assign boundary conditions (e.g. groundwa-
ter recharge) and to run a groundwater flow simulation based on the finite
element method. A short summary of this workflow is presented in this
chapter and partly published in publication 3: Gräbe et al. (2013).
For the multi-complex study area a 4-layer model was created, which con-
tains the main geological layers of the Judea Group Aquifer system and
replicates in the finite-circuit model approach the highest spatial complex-
ity due to the distribution of hydraulic conductivity. The Digital Eleva-
tion Model (DEM) was used to generate the aquitard layer of Senonian
age via intersection with the top layer of the Upper Aquifer. The under-
lying layer includes the aquifer layers of Turonian-Cenomanian formations
(Bina, Weradim, Kefar and Aminadav Fm.). The third layer consists of the
aquiclude layers of Moza and Beit Meir Formation. The lowermost layer
comprises the Lower Aquifer with its formations of Kesalon, Soreq, Givat
Yearim, Kefira and Qatana of the Albian-Cenomanian age. The Upper and
Lower Aquifer layers are characterized by limestone and dolomite, and thus
a similar stratigraphy.
The raster-files of each geological layer of the Judea Group Aquifer were the
input for the 2D and 3D mesh generation in OpenGeoSys Data Explorer. Im-
portant hydrological and hydro-geological features like faults, wadi courses
and pumping wells were integrated into the mesh to set ether boundary con-
ditions on those objects or to calculate detailed water balance parameters
on those objects. Mesh related parameters such as the density of mesh ele-
ments and the degree of adaptive refinement towards selected features (e.g.
wells, wadi courses) were defined by the spatial resolution of hydrological
important features to represent important hydrological processes (e.g. ab-
straction, discharge).
The 2D mesh file contains 25502 nodes and 50006 triangles. This mesh is
the prerequisite for the structural 3D mesh containing the geological lay-
ers of the Upper and Lower Judea Group Aquifer as well as the seperating
aquiclude and the overlaying aquitard layers of Senon.
The 3D mesh was generated by extruding the 2D mesh according to 5 geo-
logical layers (Senonian, Upper Aquifer, Aquiclude, Lower Aquifer, bottom
of Lower Aquifer). The resulting finite element mesh consists of 114 327
nodes and 184 481 tetrahedral- and prism-elements. These elements have
been assigned properties of 38 different materials (Rink et al., 2012). The
quality of all mesh elements was verified with respect to well-established
criteria (Rink et al., 2012).
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6.2 Parametrisation
Aquifer characteristics are assumed from borehole data and by several mod-
elling studies of the Mountain Aquifer. Pumping test data were not avail-
able. The calibration of the steady state model provides an assumption of
reliable hydraulic conductivities (kf-values) for each geological layer and kf
zones were discretized along geological structures like faults, folds.
Due to the nearly same lithology of Upper and Lower aquifer, both layers
were parametrized with similar kf-values of 3·10−6 m · s−1. For the aquiclude
that separates the two aquifers with an average thickness of approximately
10 m, a constant hydraulic conductivity of 5 · 10−9 m · s−1 is assumed. Be-
cause of the poor hydraulic conductivity of rock and sediment formation of
Quaternary to Senon a constant kf- value of 5 · 10−8 m · s−1 was adopted.
Figure 6.1: Locally adapted hydraulic conductivity reached by model cal-
ibration with the Parameter Estimation Tool (PEST) (Gräbe et al., 2012a)
(publication 2)
The 4-layer model was spatially changed in areas with important hydro-
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geological feature such as anticline, synclinal or fault structures. Referring to
number (1) in Fig. 6.1 the Dead Sea transform fault was parametrized with
a more permeable kf-value according to assumptions by (Guttman, 2000)
and (Yechieli et al., 1995). These fault zones found along the Dead Sea were
also reflected in parallel fault zones at the east of Hebron and Herodion:
1.4 · 10−4 m · s−1 to 8 · 10−5 m · s−1. Number 2 describes partly thick layers
of Quaternary sediments, which are an alternation of gravels, sands, clays
and salt layers. These layers impede the groundwater inflow to the Dead
Sea and were therefore given with very low kf-values: 5 · 10−9 m · s−1. A
great influence on the flow patterns of groundwater from the upper and
lower aquifer has the synclinal fold (3) near Beer Sheva and Arad. Because
of this trough structure, the groundwater is channelled to the north basin
of the Dead Sea. For this reason more conductive geological structure kf
values were assumed: 4.55 · 10−6 m · s−1. In the areas around Jerusalem to
Bethlehem (4) an accumulation of faults can be observed from the structural
map. With the more karstic conditions in the aquifer along the mountain
area the aquifers were parametrized with a hydraulic conductivity of 1 ·
10−5 m · s−1. Next to the intensively used well field of Bani Naim inhibitory
kf-values were assigned because there is a short distance in anticline and
syncline structures that act as a hydraulic barrier: 1·10−7 m · s−1 (Guttman,
2000).
6.3 Boundary conditions
The following boundary conditions were assigned for the steady state model
(Fig. 6.2, 6.3):
• No flow boundary conditions at the northern, western and southern
border of the study area
• Flow boundary condition at the eastern border of the study area which
is at the same time the groundwater outflow to the Dead Sea
• Constant head boundary along the Dead Sea (= water level of the
Dead Sea)
• Source terms = groundwater recharge, steady state model is based on
the estimation of groundwater recharge by (Guttman, 2000).
Several wells with temporal available water levels are used during the cal-
ibration procedure for the comparison with simulated hydraulic heads. The
groundwater level contour plan of 2006, which contains the most available
water level measurements at that time, was used as initial boundary condi-
tion.
Two methods were use to calculated groundwater recharge for the Creta-
ceous limestone aquifer:
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• Empirical relationship of rainfall and groundwater recharge by Guttman
(2000): suitable for estimations of mean annual groundwater recharge
• Numerical calculation of recharge by hydrological model J2000g: suit-
able for time-dependent estimations of groundwater recharge
The empirical relationship (Guttman, 2000) was used to estimate a mean
annual groundwater recharge of the subsurface catchment of the Western
Dead Sea basin and was applied to the steady state groundwater flow model
(publication 3: Gräbe et al. (2013)). The time-dependent replenishment of
the aquifer system was calculated by the hydrological model J2000g and will
be the input for the transient groundwater flow model. The calculation of the
groundwater recharge is based on dominant catchment characteristics such
as temporal and spatial distribution of precipitation, slope, aspect, land use
and soils. The high temporal and spatial resolution of groundwater recharge
for transient model simulations were only possible by the hydrological model
J2000g. Both results in the quantity of groundwater recharge are different:
• Mean annual groundwater recharge obtained by Guttman’s equation:
185.7 · 106 m3 (publication 3: Gräbe et al. (2013))
• Mean annual groundwater recharge obtained by numerical simulations
(J2000g): mean GWR (1977-2010): 139.9 · 106 m3 , which is based on
a range of groundwater recharge volumes of 26− 398 · 106 m3 (Precip-
itation: 259 − 410 mm with s = 22 mm) (publication 4: Sachse et al.
(submitted))
Groundwater recharge, which is calculated by the empirical relationship, is
one of the drivers of numerical groundwater flow and was implemented as a
source term for the simulation. Since the recharge enters the model domain
at the surface, the source term was applied on the top mesh nodes of the
subsurface mesh.
The water level of the Dead Sea is used as a boundary condition for the
numerical model.
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Figure 6.2: Boundary condition of steady state groundwater flow model
(publication 2: Gräbe et al. (2012a))
Figure 6.3: Boundary condition of groundwater flow model
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6.4 Model Set-up
Several model input files are necessary to start the model run for the steady
state model (Tab. 6.1). Beside the input files for the solving equation, time
step discretisation, aquifer parametrization and model out, all additional
files were generated with OGS DE.
Table 6.1: OGS input files for groundwater and liquid flow
Object File Explanation
GEO base name.gli system geometry description, including
points, polylines, surface and volumes
MSH base name.msh finite element mesh consisting of grid
nodes and element sequences. OGS
provides both triangle and quad based ele-
ment types (lines, triangles, quads, tetra-
hedra, hexahedra, prisms and pyramids
PCS base name.pcs THMC process definition
NUM base name.num numerical properties
TIM base name.tim time discretization
IC base name.ic initial conditions, node related data
BC base name.bc boundary conditions, node related data
ST base name.st source/sink terms, node related data
MFP base name.mfp fluid properties
MSP base name.msp solid properties
MMP base name.mmp medium properties
OUT base name.out output control
FTC base name.rfd/fct functions
6.5 Calibration of Steady-State model
The steady state model was developed using OpenGeoSys 5.4 which solves
the governing equation for groundwater flow through 3D, isotropic and het-
erogeneous porous media under saturated conditions. To simulate the in-
filtration of groundwater recharge to the Judea Group Aquifer system of
the Western Dead Sea catchment Darcy’s equation was selected (process
type:“GROUNDWATER FLOW”):
S
∂h
∂t
= ∇(K · ∇h) +Q (6.1)
51
6.5. CALIBRATION OF STEADY-STATE MODEL 52
For the steady state model in OGS, the starting values consider no pumping
rates and the outflow from the aquifer was assumed to be strictly through
natural outlets (spring discharge).
In order to achieve a sufficiently accurate quantification of groundwater re-
charge, it is often appropriate to compare multiple methods. In the frame-
work of this thesis, empirical relationship of rainfall-runoff analysis as well as
numerical analyses were used to calculate the temporal and spatial distribu-
tion of groundwater recharge to the Judea Group Aquifer system (Fig. 6.4).
Figure 6.4: Schematic description of the transfer of raster-based groundwa-
ter recharge as boundary condition of the groundwater flow model to the
numerical groundwater flow model
The steady state model applies the groundwater heads of appropriate wells
among the 13 wells of the upper and the 24 wells of the lower Judea Group
Aquifer in 2006 (Fig. 6.5). The deviation of hydraulic heads over all wells
ranges 1− 89 m. The correlation coefficient, as a measure of goodness of fit,
is 0.917. Generally, correlation coefficients above 0.9 can be considered as
acceptable (Hill 1998). The discharge along the eastern model boundary to
the Dead Sea is in total 185.7 MCM · a−1.
Measured historic time series on water levels of 36 selected wells of the Upper
and Lower Aquifer as well as several spring discharges were used for the
calibration of the steady-state model (publication 2: Gräbe et al. (2012a)).
However, water level data are very rare, especially outside of settlement
areas. In order to achieve the water level of selected calibration wells, the
model domain was divided into different zones based on geological features
(e.g. anticlines, synclines, faults and areas of higher or lower hydraulic
conductivities). Due to missing further detailed information from boreholes
and literature, both aquifer layers were characterized by the same hydraulic
conductivity. Model calibration was done by the help of the Parameter
Estimation Tool (PEST) (Doherty, 2005). The interpretations of the model
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Figure 6.5: Location of wells which were used for the calibration of the
steady state model
results shows expected spring discharge along the shoreline of the Dead
Sea due to water levels above ground surface. In addition, interactions
between the Lower and Upper Aquifer can be observed from the model
results (Fig. 6.6).
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Figure 6.6: Groundwater flow dynamics
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6.6 Transient Model
The purpose of the steady state model was to find appropriate descriptions
of the hydraulic characterization of the geological layers. The aim of the
transient model is to find out how the multi-aquifer system reacts under the
given information about groundwater extraction, temporal and spatial dis-
tribution groundwater recharge and the time-dependent falling water level
of the Dead Sea.
The development of the transient model is considered as a continuation of the
calibrated steady state model. Model parameters like the specific storativity
were used initially from previous studies and adapted by model calibration.
The calibration of the transient model is only possible for existing time series
of water level. Due to scarce data, the model will be calibrated for the period
2000-2010. The model period 1977-2000 will be used as validation period.
The model approach of the transient model is not yet fully completed.
Therefore, the model assumptions, challenging aspects and preliminary res-
ults are presented in the following sections.
6.6.1 Model assumptions
While the boundary condition to the Dead Sea was considered constant in
the steady state model, the decreasing water level of the Dead Sea and res-
ulting moving salt-water/freshwater interface has to be considered within
the transient model. The extremely high density of the Dead Sea induces a
very shallow interface between the fresh groundwater and brine. According
to Ghyben-Herzberg approximation, the depth of the interface is 4.35 times
that of groundwater head above sea level as compared to 40 times in the
ocean (Yechieli, 2000). The salt-water/freshwater interface responds both
to the drop of the Dead Sea and the eastwards shift of the shoreline. This
results in the fast flushing of Dead Sea coastal aquifers (Kiro et al., 2008).
As a result of the negative water balance, the Dead Sea level drops rapidly
by 1 m/year (Lensky et al., 2005; Yechieli et al., 1998).
In order to achieve a stable modelling scenario as an initial boundary con-
dition of the transient model, a time series of water level of the Dead Sea
and an averaging of monthly groundwater recharge volumes from the time-
depended hydrological model are provided. In addition to time-dependent
abstractions from the Judea Group aquifer along the well fields, the time-
varying discharge of springs along the shoreline of the Dead Sea as boundary
conditions have to be considered.
6.6.2 Challenges
The success of the simulation of the transient model corresponds to the qual-
ity of the model grid. In our case the mesh of the steady state model was
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adapted regarding mesh quality due to new developed methods and experi-
ences.
For the set up of initial model conditions, stable water levels are necessary.
This is only given by uninfluenced groundwater levels (without abstractions)
in the aquifer system of the study area. However, neither water level data
from observation wells before pumping are available, nor adequately well
distributed monitoring wells were generally available. Add to this, the sys-
tem of the Dead Sea and its adjacent aquifer system were almost never a
stable system due to water level fluctuations of the Dead Sea.
6.6.3 Preliminary results
Preliminary model results of the transient model comprise considerations
regarding the water balance.
• Only general information was available regarding abstraction rates of
well fields in the study area. Most of the abstraction starts with the
setup of well fields in the 1950s and sixties (Messerschmid, 2004) and
the amount of wells and the related abstraction rates increased drastic-
ally until 1999. Conversely, the spring discharge decreased in the same
time due to abstraction rates. The pumping rate of the wells is defined
as a fixed flux condition (i.e. a Neumann boundary condition) and is
part of the source term input file (Fig. 6.7).
• The monthly discretisation of groundwater recharge varies between
1.0−5.4 mm with its maximum in the months March to May (Fig. 6.8).
Figure 6.7: Yearly abstraction rates of the main well fields in the study area
(Source: Mekorot, SMART-Project)
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Figure 6.8: Time-dependent groundwater recharge and precipitation as
boundary conditions for the transient groundwater flow model
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Chapter 7
Conclusions and Outlook
The aim of the thesis was to characterize and to quantify the surface and
subsurface water flows of the Western Dead Sea catchment. Therefore a
hydrological model and a hydro-geological model were developed, calibrated,
validated and finally combined with the groundwater flow model to generate
a comprehensive model. Following steps were included:
• Development of catchment (wadi)-specific hydrological model which
was applied to large scale to calculate the surface water balance: sur-
face runoff, evapotranspiration.
• Development of a time-dependent groundwater recharge modelling in
the Western Dead Sea area.
• Development of detailed large-scale numerical flow model of the en-
tire Western Dead Sea catchment including detailed aquifer-effluent
locations and rates, respectively.
7.1 Important results from the hydrological model
Chapter 4 and its related publication 4 (Sachse et al., submitted) described
the hydrological analysis of five selected sub-catchments of the Western Dead
Sea and calculated the water balance of the sub-humid to hyper-arid catch-
ments by applying the hydrological model J2000g. The calibrated model en-
ables the assessment of water balance parameters by upscaling to the whole
3816 km2 large catchment. This comprehensive hydrological model comprise
for the first time an application under the challenge of different climatic con-
ditions (sub-humid to hyper-arid) in one model setup for the Western Dead
Sea region. The resulting total mean annual precipitation rates for the
period 1977-2010 were calculated to be 313 mm · a−1 (1194.4 MCM · a−1)
(Tab. 7.1). Precipitation is the most sensitive parameter, especially in the
hydrological modelling of arid to hyper-arid areas and rainfall uncertain-
ties dominate uncertainties in runoff predictions and related parameters of
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Table 7.1: Water balance of the Western Dead Sea catchment
Western Dead Sea [mm/a] [MCM/a]
P 313 1194
GWR 36.7 139.9
actET 272 1041.4
dir Q 3.4 12.9
the water balance. A long time series in precipitation in which data gaps
are expanded with mean monthly precipitation data ensures a reliable data
source and resilient model results. Therefore, longterm time series are in-
dispensable in climatological sensitive regions as wells as the rainfall station
network has to be expanded. Although the precipitation data from satel-
lite products like CMORPH or TRMM cover the entire research area, they
cannot map the N-S/W-E gradient, which can be observed by station data,
due to relatively short time series.
The final calibration data set of the hydrological model includes the para-
meter “maxInf” as an important parameter to reproduce the preferential
flow of surface runoff along vertical cracks due to the active structural joint-
ing of the outcropping aquifer layers of the Judea Group. This preferential
flow enables groundwater recharge volumes of the regional aquifer system,
which can be supported by additional methods, like Chloride Mass Balance.
The implementation of this calibration parameter into the recent version of
J2000g, which was originally a hydrological model for humid catchments,
allows the use of the hydrological model in arid regions.
Estimation of groundwater recharge indicates, that only large rainfall events
result in groundwater recharge. It can be concluded that recharge only oc-
curs in the most western part of each sub-catchment. The recharge close to
the wadi outlet (hyper-arid climate conditions) in the east is negligible.
The empirical rainfall-recharge relation of Guttman (2000) was slightly ad-
apted and leads to marginally higher recharge estimations. To conclude: We
can determine three main drivers for uncertainties in water balance estima-
tions, especially in groundwater recharge simulation for arid regions: (1) lack
of data in precipitation and discharge, (2) heterogeneity of rain events and
insufficient spatial representation by climate stations and (3) climatological
heterogeneity of the study area over short distances.
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7.2 Important results from the geological struc-
tural model
Chapter 5 and related publications 2 and 1 (Gräbe et al., 2012a,b) com-
prises the results of the development of the structural model, which was the
prerequisite for the numerical groundwater flow model. The geometrically
complex 3D structural model of the heterogeneous geology of the Turonian-
Cenomanian Aquifer system is the first complete structural model of the
Cretaceous aquifer within the Western Dead Sea catchment and integrated
all available geological information from borehole stratigraphies, geological
and structural maps, cross sections as well as from interpretations of own
created virtual boreholes along significant geological structures (e.g. out-
crops).
7.3 Important results from the hydro-geological
model
Chapter 6 and its related publication 3 (Gräbe et al., 2013) describes the
development and findings of the numerical groundwater flow model of the
Judea Group aquifer within the Western Dead Sea catchment. It provides
the most extensive groundwater flow modelling in the Western Dead Sea re-
gion. The challenge was to develop a groundwater flow model on the basis of
high precision data (DEM) and scarce and partly inadequate hydraulic and
hydro-geological data (hydraulic parameters) as well as spatially clustered
data (wellbore). Using methods of interpolation, scientific interpretation and
expert knowledge, a comprehensive data network was established, which was
used to generate a large-scale steady state groundwater flow model. In this
work a 3D groundwater model was developed for the subsurface catchment
of the Western Dead Sea Escarpment for the first time. The model was
calibrated with all available and consistent data and the groundwater flow
regime was investigated under steady state conditions. As a result of the
parameter identification, the hydraulic conductivity for the Upper and Lower
Judea Group Aquifer was estimated to be in the range from 2.0 ·10−3 m · s−1
to 1.0 · 10−7 m · s−1. The subdivision of the study area in zones with dif-
ferent hydraulic conductivities due to important geological features enables
a successful calibration of the steady state model. The implementation of
anticlinal and synclinal structures could represent the observed groundwater
flow dynamics.
7.4 Deficiencies
• The quality of the calibrated steady state groundwater flow model de-
pends on the resolution of available data for model calibration (e.g.
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water level measurements). To reduce such uncertainties, a continu-
ously and complete time series of water level data must be available.
This study showed, that the number and spatial distribution of ex-
isting water level measurements are not sufficient enough to generate
reliable model results of the geological heterogeneity. Especially the
water management in arid regions trusts on model results. Therefore,
the number of monitoring wells, which are not influenced by pumping,
has to be increased, especially in present data scarce areas.
• The boundaries of the study area based on the subsurface catchment
of the western Dead Sea basin. Thus, lateral inflows were excluded.
However, flows from the underlying Kurnub Group aquifer or along
fault zones within the JGA are known from the literature (e.g. Wein-
berger and Rosenthal 1994). As these inflows are not well known in
quantity and spatial distribution, they were not integrated into the
existing groundwater flow model.
• Anticlinal and synclinal structures were implemented in the groundwa-
ter flow model. The sensitivity analysis concluded that groundwater
flow dynamics was sensitive with regard to these structures. But only
occasional reports can be found in the literature about the influence
of these fault structures.
• The accuracy of the hydrological model depends on the temporal and
spatial resolution of important parameters like climate and runoff data.
Data scarcity complicates and impedes the detection of important hy-
drological processes. However, the spatial and temporal resolution of
the hydrological model in this study allows only a rough characterisa-
tion of hydrological processes (e.g. flash flood) in the wadi catchments.
To investigate and subsequently model the hydrological processes, a
denser network of climate stations and hydro-metric stations as well
as a comprehensive hydrological and geomorphological analysis of the
wadi catchments are required.
7.5 Outlook
The ongoing research aims to implement the calculated groundwater re-
charge as boundary condition for the transient groundwater flow model. As
such, the temporal and spatial distribution of groundwater recharge to the
Cretaceous Judea Group Aquifer system allows estimating more precise in-
formation regarding actual and future water management of the stressed
limestone aquifer. The application of the model (calibration parameter
data set) to other semi-arid to hyper-arid wadis results in good agreements
between the groundwater recharge for the Wadi Darga catchment and the
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Wadi Tkoa, Wadi Qilt and Wadi Rahaf catchments.
A large unknown factor in the water balance modelling of the subsurface
catchment of the Western Dead Sea is the quantifying of subsurface inflows
to the Dead Sea. Initial studies on the use of thermal imaging (Mallast et al.,
2013) can distinguish the incoming of significantly warmer or cooler water
volumes by the temperature difference of both water bodies. These sub-
marine discharges originate from the Turonian Cenomanian-Albian aquifer
system and maybe also from the deeper Kurnub aquifer. However, the
quantitative estimations regarding a mass balance of the submarine dis-
charge can only be made from indirect methods and is accompanied with
large error at present. Presumably, much larger submarine discharges occur
along the shoreline of the Dead Sea. The analyses within the framework
of this dissertation were accounting for the balance between precipitation,
induced groundwater recharge and natural discharge from the aquifer along
the aquifer outcrops. Resulting from this aspects, future water balances of
the subsurface catchment have to consider the entire Dead Sea system, even
if the main hydrological processes and parameters are still unknown.
An application of major element analyses, rare earth elements and stable iso-
topes like δ18Owater, δ
2Hwater and
87Sr/86Sr provides a specific characterisa-
tion of the occuring groundwater types and support to decipher groundwater
evolvement within the Cretaceous aquifers including mixture processes, in-
teraction between the Cretaceous aquifers and an evaluation of Quaternary
groundwater input (referring to Wilske (in prep.) and SUMAR and SMART
report, Siebert et al. (2014), etc.). A connection of the created numerical
groundwater flow model with compiled geochemical data like e.g. major
ions or stable isotopes is strongly profitable in regard to:
i) reproducing and validating detailed groundwater flow paths
ii) localisation of the major groundwater occurrences and
iii) refinement of the Quaternary inflow and interaction.
Based on the fact that the Dead Sea system is sensitive to the changing
climate and anthropogenic impact, the aquifer system is under constraint
of continuous change and adaption of the influencing effects. In order to
trace the resulting change in water levels and groundwater flow paths and
to provide more accurate information about residence times, an interlinking
of groundwater age dating parameters with the transient model would be
beneficial. Within those calculations the model has to be refined in order to
consider the rainwater triggered water components (younger groundwater)
and old groundwater components deriving from groundwater storage. For
supporting future water management strategies, the model is applicable for
an extension of the data set to calculate different future flow scenarios by
application of estimated future groundwater levels.
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Guttman, J., Hötzl, H., Bensabat, J., Wolf, L., Milgrom, T., 2009. Towards
a rational water management and utilization of water resources in arid
zones: application to the Jordan Rift Valley. In: Trends and Sustainability
of Groundwater in Highly Stressed Aquifers. IAHS Publ. 329.
Guttman, J., Zuckerman, H., 1995. Flow Model in the Eastern Basin of
the Judea and Samaria Hills. Tech. Rep. Report No. 01/95/66, TAHAL
Consulting Engineers Ltd., (in Hebrew).
Guttman, Y., Flexer, A., Hötzl, H., Bensabat, J., Ali, W., Yellin-Dror, A.,
2004. A 3-D hydrogeological model in the arid zone of Marsaba-Feshchah
region, Israel. In: Chatzipetros, A., Pavlides, A. (Eds.), The 5th Interna-
tional Symposium on Eastern Mediterrean Geology. Proceedings, Thes-
saloniki, pp. 1510–1513.
Gvirtzman, G., Reiss, Z., 1965. Stratigraphic nomenclature in the Coastal
Plain and Hashephela regions.). Tech. Rep. OD/1/65, Isr. Geol. Surv. Oil
Div. Rep., 13 p.
Hall, J., Krasheninnikov, V., Hirsch, F., Benjamini, C., Flexer, A., 2005.
Geological Framework of the Levant. Volume II: the Levantine Basin and
Israel. Historical Productions-Hall, Jerusalem: 269-274.
Hirsch, F., 1983. The Geological Map of Israel 1:50.000 Sheet II-III: Bet
Guvrin. Explanatory Notes.
66
BIBLIOGRAPHY 67
Hirsch, F., Flexer, A., 2005. Introduction to the Stratigraphy of Israel. In:
Hall, J., Krasheninnikov, V., Hirsch, F., Benjamini, C., Flexer, A. (Eds.),
Geological Framework of the Levant. Volume II: the Levantine Basin and
Israel. Historical Productions-Hall, Jerusalem: 269-274.
Horowitz, A., 1987. Palynological evidence for the age and rate of sediment-
ation along the Dead Sea rift and structural implications. Tectonophysics
141, 107–115.
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Gräbe, A., Rödiger, T., Kolditz, O., Rink, K., Fischer, T., Sun, F., Wang,
W., 2012a. Development of a 3D groundwater flow model in semi-arid to
arid region: the western drainage basin of the Dead Sea (Israel and West
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Gräbe, A., Rödiger, T., Rink, K., Fischer, T., Sun, F., Wang, W., Siebert,
C., Kolditz, O., 2013. Numerical analysis of the groundwater regime in the
western Dead Sea Escarpment, Israel + West Bank. Environ Earth Sci 69
(2), 571585.
75
Publication 4
Sachse, A., Fischer, C., Laronne, J.B., Hennig, H., Marei, A., Kolditz, O.,
Rödiger, T., (accepted). Water balance estimation under the challenge of
data scarcity in a hyper-arid to Mediterranean region. Hydrological Pro-
cesses.
76
